ABSTRACT. The enantioselective catalytic hydrogenation of N- (3,4-dihydronaphthalen-2-yl) amides (1) with rhodium catalysts bearing phosphine-phosphite ligands 4 has been studied. A wide catalyst screening, facilitated by the modular structure of 4, has found a highly enantioselective catalyst for this reaction. This catalyst gives a 93 % ee in the hydrogenation of 1a and also produces high enantioselectivities, ranging from 83 to 93 % ee, in the hydrogenation of several -OMe and -Br substituted substrates. On the contrary, structurally related enol esters 2 are very reluctant to the hydrogenation. A coordination study of representative enamide 1d has shown an unusual η 6 -arene coordination mode, over the typical O,C,C chelating mode for enamides, as the preferred one for this substrate in a Rh(I) complex. Deuteration reactions of 1c and 1d indicate a clean syn addition of deuterium to the double bond without isotopic effect on enantioselectivity.
A notable exception among the rhodium catalysts described has been provided by a supramolecular complex containing phosphine and phosphite ligands, named Supraphos, described by the group of Reek. 8 Following an approach based on the generation of chelating ligands from monodentate assembling ones, these researchers have achieved a catalyst which provides an outstanding 94 % ee in the hydrogenation of N- (3,4-dihydronaphthalen-2-yl) acetamide.
In recent years, we have studied the application of chiral phosphine-phosphites in the hydrogenation of several types of olefins by Rh catalysts. 11c, 14 From this background and inspired by the results reported for the Supraphos catalysts, we were interested to investigate the performance of rhodium complexes based on the conventional phosphine-phosphites developed in our laboratory, in the hydrogenation of the challenging enamide A. Herein, we describe an extensive catalyst screening using a family of phosphine-phosphite ligands in the hydrogenation of several N- (3,4-dihydronaphthalen-2-yl) amides.
Following a systematic optimization procedure, a highly enantioselective catalyst for this kind of substrates has been found.
included. In an initial approach, we examined precatalysts 5a and 5b in the reduction of 1a at 20 bar of hydrogen and room temperature, as low conversions at 4 bar of hydrogen were observed. Among them, catalyst based on less rigid 4b offered a superior activity and enantioselectivity (entries 1 and 2, Table   1 ). An attempt to increase conversion by using alternative phosphine fragments proved to be fruitless (entries 3,4). After these preliminary results, we performed a set of reactions under different initial hydrogen pressures (entries 5-6), without improvement over the value obtained at 20 atm. In addition, an increase in temperature up to 40 ºC had a deleterious effect on enantioselectivity (entry 7).
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On the other hand, considering that the Rh-Supraphos catalytic system is capable to provide high enantioselectivities in the presence of a considerable amount of diisopropylethylamine (DIPEA) as an additive, 8, 17 the hydrogenation of 1a with catalyst precursors 5a, 5b and 5d in the presence of 20 equivalents of DIPEA was examined. Most notably, the base has a critical influence on the present catalytic system. It produces an important, particularly for catalyst based on 4a, increase in conversion, although racemic products were unexpectedly obtained (entries 8-10). [18] [19] It is noteworthy that catalysts with different phosphine groups and dynamic properties give null enantioselectivity, pointing to a general effect of the additive. It looks therefore apparent that the addition of base leads to an alternative catalyst. In connection with this it should be mentioned that the deprotonation of cationic dihydrides to give neutral monohydrides, which are highly active olefin hydrogenation catalysts, has been well documented in the literature. 20 Comparing with diphosphine catalysts, the presence of the π-acceptor phosphite group in P-OP ligand should increase the acidity of corresponding cationic dihydrides, favouring deprotonation by the amine. However, the complexity of the system does not confidently allow us to assign the lack of enantioselectivity to the purported monohydride Rh(H)(P-OP)(S) n (S = solvent, n = 1-3) over other alternatives like the formation of metallic clusters upon addition of base, 21 the dissociation or the decomposition of the chiral ligand. Therefore, a specific study covering alternative ligands, additives and substrates is needed to clarify this effect. Table 2 ).
Thus, the analysis of the influence of the ligand was performed with catalyst precursors generated in situ.
After the result shown by the ethane bridged complex 5b, we tried to improve catalyst enantioselectivity by tuning the backbone structure with substituents in either α or β positions with a defined stereochemistry. 14d Pairs of ligands with β-Ph (4e, 4f) and β-Me (4g, 4h) substituents, with different relative backbone configuration to the biphenyl phosphite fragment, as well as β-Me 2 example
(4i) were then tested (entries [2] [3] [4] [5] [6] . No improvement over the result obtained with 4b was obtained, therefore concluding that the presence of the β substituent is detrimental in these reactions. In contrast,
catalysts with an α-Me group to the phosphine group provided relatively good enantioselectivity values of 75 % ee (4j, entry 7) and 81 % ee (4k, entry 8). The latter catalyst is only slightly more enantioselective than catalyst based on 4b, and the small improvement does not justify the introduction of an additional stereogenic center. Overall, the most simple ethane backbone looks more suitable for this reaction. However, the latter results offered a hint for a further enhancement of the catalyst. The presence of the α-methyl group in ligands 4j and 4k favours a chiral distribution of aryl phosphine substituents, 22 and prompted us to investigate examples with a P-stereogenic biarylphosphino fragment.
Thus, diastereomeric ligands 4l and 4m bearing a P(o-An)Ph group were examined. 14d Most noteworthy, catalyst based on ligand 4l produced a significant improvement on enantioselectivity up to 93 % ee (entry 9). On the other hand, the catalyst bearing ligand 4m gave lower enantioselectivity (77 % ee, entry 10). A comparison between these results indicates that the configuration of the product is determined by the configuration of the phosphite, as observed before in the hydrogenation of methyl Z-(α)-Nacetamido cinnamate (MAC) and other olefins. 14 It should also be mentioned that the enantioselectivity provided by catalyst based on 4l is very close to the best value obtained with a Rh catalyst in this reaction (94 % ee). Scope of the reaction. We further investigated the scope of catalyst bearing 4l in the reduction of enamides 1 (Table 3) . Most noteworthy relatively high enantioselectivities, between 83 and 93 % ee, were observed in these reactions. Thus, benzamide 1b gave a 93 % ee, although it was less reactive than 1a, and produced a moderate conversion (entry 1). An increase in the temperature to 40 ºC raised conversion to 70 %, but the enantioselectivity decreased to 82 % ee (entry 2). Alternatively, catalyst bearing ligand 4k produced lower levels of conversion and enantioselectivity (entry 3). Methoxy substituted substrates 1c and 1d provided good conversions with enantioselectivities of 88 and 86 % ee (entries 4-5), respectively. Most interestingly, substrate 1e, which should apparently be more encumbered than the latter enamides, is significantly more reactive. Thus, catalysts bearing ligands 4a, 4m and 4l gave full conversions for this substrate (entries [6] [7] [8] . Among the catalysts investigated, that based on 4l produced again the best enantioselectivity (93 % ee). Moreover, bromide 1f showed a lower reactivity under our standard conditions, giving a conversion of 67 % and 83 % ee (entry 9). The reaction at 40 ºC showed a slightly higher conversion (70 %) and a lower enantioselectivity (80 % ee, entry 10). Alternatively, diastereomeric catalyst based on ligand 4m, showed a better conversion and a lower enantioselectivity than catalyst of 4l (entry 11 In addition, we were interested in examining the possibility to hydrogenate structurally related enol esters 2, as an appealing approach to the synthesis of chiral 2-hydroxytetralines. Unexpectedly, substrates 2 were very unreactive and no conversion was observed in reactions performed with catalyst precursor 5b under the reaction conditions used for enamides 1 (entries 12, 13). a Reactions were carried out at room temperature unless otherwise specified. S/C = 100, reaction time 21
h. Conversion was determined by 1 H NMR and enantiomeric excess by Chiral HPLC. b Configuration for 6d has been assigned by comparing optical rotation with literature data, 4e while for the rest of compounds configuration has been assigned by analogy to that observed in hydrogenations of 1a and 1d.
c Reaction performed at 40 ºC.
For comparison, the performance of catalysts based on some ligands 4 in the hydrogenation of the enamide 3 has also been examined. Then, catalyst based on 4l provided full conversion giving the hydrogenated compound (R)-7 with a respectable 77 % ee (entry 14, Table 3 ). The diastereomeric catalyst precursor bearing ligand 4m provided the opposite enantiomer (S)-7 with a 57 % ee (entry 15).
The configuration of the product is therefore determined by the configuration of the phosphite fragment, as observed in the hydrogenation of substrates 1. Moreover, the configurations of 7 and 6d indicate the same sense for addition of hydrogen to 3 and 1d, respectively (Figure 3 ). 27 If an analogous pathway is followed in the present system, dissociation of the arene ring from the 18-electron [Rh (4) nicely demonstrated the detrimental effect that the formation of stable η 6 -arene complexes produce on hydrogenation rate, due to the reduced available amount of rhodium complex for catalysis. 23c Following this reasoning, the coordination mode exhibited by 1d would agree with the relatively low rates exhibited by substrates 1. As an illustrative comparison, it can be mentioned that hydrogenation of MAC or dimethyl itaconate with complexes 5 at S/C = 100 under 1 bar of hydrogen are typically finished after 1-2 h, while under these reaction conditions conversion after 72 h for substrates 1a, 1c and 1d were 70, 56 and 53 %, using catalyst bearing ligand 4l. Likewise, the lack of reactivity of enol-esters 2 can also be attributed to the formation of η 6 -arene species, as the inability of α-acyloxyacrylates to displace η 6 -benzene has been reported before. In addition, we considered of fundamental interest to investigate the deuteration of selected substrates 1c and 1d under our standard conditions (20 bar D 2 , S/C = 100, room temperature). An analysis of product 6d by 1 H, 2 H and 13 C{ 1 H} showed a single isotopomer in solution, in which labeling was observed in positions H a1 and H g ( Figure 6 ), in good accord with the characteristic cis addition to the double bond. No deuterium incorporation was observed either in position 3 or in the aromatic ring.
Likewise, compound 6c showed a similar pattern. An analysis of the enantioselectivity of these reactions indicated values of 89 and 87 % ee, for 6c and 6d, respectively, identical within the experimental error to those of the hydrogenation reactions (88 and 86 % ee, respectively). In this context it is pertinent to recall the enantioreversal observed in the hydrogenation of α-and β-acyloxyvinylphosphonates with complexes 5, which has been rationalized on the formation of α-and β-alkyl intermediates, respectively. 11c Thus, a possible factor for erosion of enantioselectivity in the hydrogenation of substrates 1 could be a competition between α-and β-alkyl pathways, considering that they can provide opposite enantiomers. 11 At this regard, a mechanistic study has connected the observation of an isotopic effect on enantioselectivity in Rh catalyzed enamide hydrogenation with the competition between α-and β-alkyl pathways. 29 Based upon that line of reasoning, the absence of isotopic effect observed in the hydrogenation of 1c and 1d, would agree with an absence of competition between the two pathways. 
Conclusions
The enantioselective catalytic hydrogenation of enamides 1 with rhodium catalysts based on modular phosphine-phosphite ligands 4 has been studied. A broad screening with these catalysts indicates that the hydrogenation of 1 is very sensitive to subtle changes in ligand backbone, pointing to the need of a precise optimization of the catalyst structure for substrates 1. Following this approach a highly enantioselective catalyst based on a ligand with an ethane backbone and a P-stereogenic phosphine fragment, with matched phosphine and biphenyl configurations, has been found. This catalyst provides high enantioselectivities, ranging from 83 to 93 % ee, in the hydrogenation of several -OMe and -Br substituted substrates 1. In contrast, structurally related enol esters 2 show very little reactivity.
Unexpectedly, the addition of DIPEA to the reaction has a dramatic effect increasing catalyst activity but leading to racemic products. 2, 154.7, 135.0, 134.4, 126.4, 123.4, 119.8, 108.9, 105.7, 55.6, 28.4, 26.9, 24.8 5, 135.3, 134.7, 133.8, 130.0, 129.8, 127.6, , 110.5, 27.8, 27.5, 24.9 (total volume = 0.5 mL), were added to a 2 mL glass vial. Vials were placed in a steel reaction vessel model HEL CAT18 that holds up to eighteen reactions. The reactor was purged three times with H 2 and finally pressurized to the required pressure. In the case of deuteration reactions the reactor was purged with Ar, partially evacuated under vacuum and filled with D 2 at 20 atm.
After the desired reaction time, the reactor was slowly depressurized, solutions were evaporated and conversions were determined by 1 H NMR. The resulting mixtures were dissolved in EtOAc, and filtered through a short pad of silica to remove the catalyst. 7, 162.6, 137.9, 133.1, 131.7, 131.2, 129.2, 45.0, 35.4, 29.9, 28.4, 27.0, 23.7 [Rh(4c)(1d)]BF 4 . Compound 5c (18 mg, 0.02 mmol) was dissolved in DME (0. 
